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Abstract Subsceints: .
A method to.estimate the_frequency of transmis- av average_or Tean —... .
sion. overhauls is presented. This.methog.ts Sased .
on the two-parameter Weibull statisrtcal distrib - f— Weibul function Ty
tion for component Tife. A second methog !s
presented. to. esttmate the.number of replacament com- i index—m-— .
w Ponents needed. to. support the transmissicn overnaul : ﬁ
o Pattern— The second method is based oh renewal k  fingex i
S theory. Confidence statistics are applied with oy
“ both methods to improve the statistical astimate 3f me  approximate renewal—function i i
sample behavior. A transmission example is also |
presented- to fllustrate the use of the methods. n number Of- components fn system b
Transmission overhau! frequency and component :
replacement calculations are—included in the r replacement function
example. |
5 system HE
Nomenclature !
10 90-percent reliability |
b Weibull siope '
90 96=-percent confidence b
e  base of the natural logarithm o
Introduction |
F~ probability distribution function, probability | o
of failure The in-f1ight service retiability of aircraft :
transmissions is much greater than the design relia-
Fk  probability of at least k failures bility of their components. Transmission overhauls f .
provide the dffference. By monitoring the onset of TN
f probability density functiofe————— potential transmission fatigue failures, Just-in-
time oyerhauls maintain the transmission economi-
: Ln  natural logarithm cally.!.2 One cause for propulsion system overhauls
. is the finite fatigue 1ife-of drive system compo- 1
E ) life, hr nents. The--two-oarameter Weibull distribution j
‘ describe:_gﬁg—stattstﬁcs_oﬁ_drive system bearing and
M reneéwal function gear lifew3- 1
Me approximate renewal function Component raltabilities and 1ives affect trans- .\
misston maintenance costs which are stgnificant. !
Ny number of replacements Estimates of these costs are important in the design ‘
stage of a transmission.® The two-parameter Weibuil 4
Q sample size distribution provides information on component reli- {
ability andg 1ife. It goes not predict overhau! fre- ’
. R probability of survival, () - F) gquency directly.
}
. 210 number of standard deviations from the mean The first 15 the transmission system 11fe mode!. ;
which cuts off a 10-percent population tail This model is a two-parameter Hei?ull distribution 17
, for the transmission system iife,/.8 The second
; r the gamma furction step ts renewal theory.

@ characteristic 1ife, hr Renewal theory Is a statistical mode! which

. describes the maintenance cycle. The theory consid-

#3  third moment of a probability density function ers the ongoing sequence of: wuse, failure onset,
repair, and return to use. For this sequence,

° standard deviation renewal theory predicts the frequency of component
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replacement ang the number of replacements nee?gd

to support the service matntanance scheaqule, 3-12
Conflaence theor; :ocmolements these statistical

methods aigh- astimates of the likelinood of the pre-

dictions. Higner confidence levels require more

spare parts to vaer 4 greater range of-possible
situations.10.!

The purpose of the research presented is to
provide a methodology for-calculating transmission
life and the number of comoonent replacements. The
paper presents the theories and appiifes them to a
simple transmission to iTlustrate their use— Esti-
mates..of grive system and component lives ang
replacement needs are essential fin design. These
estimates provide a compartson of the relative-worth
of different desigas from a-safety and maintenance
cost perspective. They also help-assess. the cost of
operating a proposed drive system.

Component Life and-Reliapility

The two-pdrameter weibull distribution. is com-
monly used to describe—fatigue ife data. It can
describe a wide variety of life patterns. The reli-
ability of a component is the complement of its
probability of failure.

In statistics, reliability is a double nega-
tive. Reliability or the act of surviving is the
state of not having failed. Statistics count
direct events such as the act of failing. A part
can fail only once. 1% survives for its entire
life. Thus the provanility of failure is a direct
statistic. The probability of failure Sor the two-
parameter Weidull iistribution is:

b
Fatl) . (WO g

where F {s the probability of faiilure expressed as
a decimal, e 1is the base of the natural logarithm,
% is the component 1ife in milltion load cycles or
hours, € is the characteristic life tn million load
cycles or hours, and b fs the Weibull slope. The
two Welbull parameters are o and b.

The derivative of Eq. (1) with respect to life
Is the probability density function, f:

L bel b
Fad (3) e~ (2/0) (2)

The probabiltty density function ts a histo-
gran of life failures for a unit population. [t
presents the scatter in the component iives.

The Heibull relfability function 15 of ten
expressed as:

. b
1 )
n(g) - (& 3

where R i3 the probability of survival (1 - f),
For a 90-percent probability of survival, R = 0.9

and % = 219. Solving for the characteristic 1ife
gives:

-1/b
9 - Ln(a%g) 2 (4

Flgure 1 is a plot of tne ratio of the :narac-
teristic life to the-90-perzent rellatility 14fe 33
a function ofthe Weibull s!cpe. Substituting 9
of Eq. (4) in Eq. (3) gives:

\ . . b
1 o ERYAR) ,
MORELCH G )

Equation (5) is the form used. by manufacturers
to present the two-parameter Welbull gistributicn
Characteristics of bearings.!3

In both Eqs. () and.£5), the logarithm of the
reliabiltty reciprocal g prepertional to the 1ifa
raised to the Weitull slope. Taking the logarithm
of etther equation generates a. straight line nlot
as showa in Fig. 2. The plot-is.a probabiiity grapn
for- the two-parameter Wedbull gistribution.

This graph..aids in determining the distripu-
tion parameter values for fatigue test data.!4 The
plotted.test data are the results of a-series of
fdentical 1ife tests for a sample- set of tdentizarl
components. The frst failure determines the high-
est relfability data point. The next failure decer-

mines the ne«t lowest relfability data point, and
SO on.

The average life is the Mean Time to Failure
(MTTF). It is the sum of all times to failure
divided.by the total numper of the failures. The
total number of failures for a continucus probabil-
ity distribution is unity by definition. The sum
of all times to failure is the integrai of the
product of time or life and the protability density
function. The limits on the tntegral are from z2e-o
to infinity. The average life is;

®
2 = MTTF = f AF(2)00. 6)
av 0

For a Weibull failure distributicn, the solu-
tion to this integrak involves the weil known gamma
function, .15 The solution s the gamma function
multiplied by the chardcteristic life, 3.

2, = MTTF wor(1 o 1) n
av * = O+ p)

Figure 3 is a plot of the ratio of the average
1tfe to the 90-percent reliabiiity 1ife as a fuync-
tion of the Weibull slope. The average life equals
the characteristic 1ife when b=,

The standard deviation of a failure distribu-
tion is:

D

L [ fo

In terms of the characteristic 1ife, the Weibul]
slope, and the gamma function, the standard devia-
tion of the two-parameter Weibull distribution f3:

op = o[t + 8) - 1214 )

The standard deviation of a distribution 15 a
measure of the scatter of the distribution. It is
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average life. Figure 4 is a plot of the ratio of
the standacd deviation td tne 90-percent reliabil-
ity 1ife as a “unction of the Wetbull siope. At a
slope of b = 1, the Weibull distribution is the
exponential distribution and has a large scatter.
As the slope increases, the scatter decreases.
rapidly. =

System Life and Reliabil .y

One model for the life of a _drive system is the
strict series probabiltty mode!.8 This model com-
pares a system of load carrying gears and bearings
to a chain of tinks. A chain fails when any single
Mnk fails. So too, a drive system requires repair
when any comgonent requires replacement or repair.
In the strict series probability model, the relia-
bility of a system, Rg, is the-product of the relia-
biTities of all the components.

n
R, = 1L Ri ao
=]

Sy

The high speed of drive system components and—
the scattering of loose debris warrant the strict
series probability model. If any component fails,
dedris may be present which could damage other com-
ponents. Therefore, a drive system requires an
overhaul to return it to a high state of reliability
once any element fails.

Taking the logarithm of the reciprocal of
€g. (10) and using Eq. (5) for each component

sields:
n
b
e \%
71N\ 1Y S
tn(i-} = Lol EE -——-) an
\Rs, (o.g) (“110,
bal

In €g. (11), 25 15 the 1ife of the entire drive
system for the system reliability, Rg. It is also
the life of each cocmponent at the same drive system
reltabitity, Rg. For consistency in Eq. (11), all
the comgonent ?1ves must te defined in the same
unit3. The unit chosen is hours.

gquation ¢11) 15 not a simple two-parameter
Helbu!l relationship between system life and system
reliability. The equation is a true two-parameter
Welbu!l dictripution only when all the Weibull expo-
nents, bj, are equal. In general, this is not the
case. Thus, Rg as a function of 2 when plotted
such as in Fig. 2 may produce a curve rather than a
straight Itre. A true two-parameter Weibull distri-
bution can be approsimated quite well, however, by
fitting the curve using a least squares method.8
The slope of the fitted straight line is the drive
system Welbull slope, bg. The 1ife at which the
drive system reliability equals 90 percent on the
stratght line is 0q)0. The drive sy.tem two-
parameter Welbull relationship ts then:

. b
[) \
%

- P 5
Ln{g~) = Ln(——-\(———-) 12)
(RS) 0.9/ Qle

Renewa! Theor

In addttion to scheduling maintenance nerizas,
a service procedure musztalso estimate sne numger
of replacement components requireq. Renewal =haory
adds the renewal-function to the statistical -cols
for estimating repair. It—estimatas -he numper Sf
replacements as a function of a componens faiflyre
distribution and its 1ife.9-11

Renewal theory assumes the replacement of—
failed components.when they fail. This models in
unending sequence of use and repair. Aircraft arive
system maintenance follows this pattern closely.

The renewal function results from a sequence-of 3ta-
tistically predicted.failures.

Consider the maintenance sequencs. :In a given
life pericd, any number of failures may wccur.. The
probability of at least one fatlure #itnin a 3isen
life from the start—ofcperation is:

p—
Fridd = F(2) = jo Flaax (13)

The probability of at least *wo sequential
failures in the period is the probaptiity of <wo
indepéndent events. The first compenens must Fail.
Then a second component must begin its service !ife
at this fatlure 1ife and also fai'. The probabiltty
of naving at least two failures in this period i3:

2
Fo() .f F (2 = x)F(x)dn (14)
2 5

In Eq. (14), x 13 the time at wnich the first
fatlure cccurs. This can happen any time be*tween
2ero and 2. At x = ), the entire 1ie ‘s dvail-
able for the first fatlure probability. The oroba-
bilities of the second fatlure and the compination
event are both 2ero. As x increases from zero to
%, the probability of the first failure happening at
time x decreasus. The probability of the second
fallure Increases. At xa= 2, the entire life is
available for the second failure prcbabiiity. The
probability of the first failure is zero. The prob-
ability of the ccmbined event is thus zero as well
at x = 2. The integral defines a funct*on for the
probability of at least two failures in the life
period from zero to 4.

Equation (14) repeats inde inttely with
Increasing subscripts. The probability of having at
least k fatiures in tne period from zerc to 1
ts:

2
[ - [
F () = Io Fe_p(2 - 0F0de as)

In €q. (19), Fr_1(2 - ) 15 the orobabitity of hav-
ing at least k - 1 faiiures in the period from zero
to 9 - x. The probability of at least k failures
Increases as the number of railures decrease. Also,
the more 1ife available for a failure, the greater
ts the chance that it w111 occur.
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The mean number of failures is the infinite sum
of the probabilities of at least k fallures in the
life period, 2. This function, M(R), is the reneval
function. [t is expresse? as:

MR = T F(R) (16)
kel

Equations (15) and..(16) yield the number of
replacements needed. to support a.maintenance sched- —
ule. The solution invoives a-large series of
convolution integrals. The equations apply to any
failuce distribution. However, the soluticn is not
easy to obtain. Figure S shows the renewal function
for a component with a two-parameter Weibull relia-
bility. The component life has © = 5000 hr and.

b = 1.5, Tabulated solutions to the renewal func-
tion- for thT fyoaparameter Wedbull distribution-are
available '1.14

' An aoproximation fow-the renewal function from
Ref. 10 is:

2
Me(ﬁJ—x - 3 an

2
av ZQav

The approximation accuracy increases as ¢
increases. Equation (17) is an asymptote to the
exact renewal function for low-scatter distribu-
tions. For high-scatter distributions it approxi-
mates the renewal function closely.

The standard deviation of the renewal function
gives a measure of the scatter in replacement needs
from one sample to tne next. Figure 6 is a plot of
the renewal function standard deviation versus life
for a component which has a two-parameter Weibull
relfability distribution. It has a characteristic
1ife of S000 hr and a Weibull slope of 1.5.

The approximation for §he standard deviation
of the renewal function is:

112
2 2 2
g L+ @ 2u
RTINS b AP (o VIR GV S B B
e g3 a0t } av 323
av av av
(18)

where p3 13 the third moment of the 1ife distribu-
tion. For the two-parameter Weibull distribution,
the third moment is:

by = I; W - o3r(l . %) (19

Figure 7 is a plot of the ratio of the third moment
to the 90-percent reliability 1ife as a function of
the Weibul!l slope.

Confidence Statistics

In predicting replacement rates and maintenance
inventories, direct theory provides mean or average
estimates. These estimates come from the statistics
of a universal populatton (that ts, an infinite
number of samples). In any real situation, the

- AR

number of drive systems under serv'ca ‘2 a !imic<eq

sample. Zonfidence stat!stics 2stimate hcw 275r-
ently 1 ;mall sample may benave fr3m "%: .niverzal

population. It Jses tme—s;tandarq ev*i7 2n of TMe

universal fatlyre aistribution ana t7e :ampie ::2e

to estimate the mean of the sample. '*

For many.samples of the same size, <nhe mean :f
the samples has a normal distribution aocut the
overa!l mean. The standard-deviation of <he means
3

2
-/ -L 20
where Q 1s the size of the sample.

The standard deviation of tne numcer of
replacements .ts: . . .

Qr.I ﬁ?me (21)

AMso..the total number of replacamerts For <ne
sample is:

Ny = QM(2) (22

In reliability predictions, the 'ower zonfi-
denc2 bcund has much significance in aircraft
apnlications. Systems that are less ra'iaple than
the average are important to identifv fer safety
ang economical reasons. The configenc2 sistribu-
tion estimates the mean 1ife which ~i11 be lcwer
than the mean !ife of a chosen percentage >f ai!
samples of a given size. This life !5 ‘ess <than
the mean life for the entire populaticn. For 3
90-percant confidence:

')-all.go = Qav - Z]ooa., 23

where 219 1s the number of standard deviations
below the mean which cuts off 10 percent 3f the
population. F?r a normal distribution,

210 = 1.282.4.14 90 percent of the normal distribu-
tion 1ie above %3y go and 10 percent 'le below

2av,90-
With a 96-percent confidence that “he replaca-

ments will be less, the replacement estimate for a
component frocm zero to iife 2 is:

Nr,90 = Nr + 2100 (248)-.

Since the behavior of sampies Jiffars frem the
behavior of the “ideal" distribution, zonf'dence
estimates are helpful. HWith the configence esti-
mates, one can see during the uesign onaze the
effects of sample size on the life ang reciacement
estimates.

txample
Mean Life

Consider the single mesh transmissicn shown ‘n
Fig. 8. Assume the 90-percent reliaoility lives for
the bearings and gears are given as those inown in
Table 1. Also assume a Helbull slope of 1.2 for the
bearings and 2.5 for the gears. It is desired to
determine the transmission mean life withr 30-percent
confidence for a fleet of Q = 50 aircrart.
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From €3. <7) or Fig. 3, the iverage 'ives were
determined for eacn component. From £3. ) o
Fig. 4- =ne :tandard Jeviations for eacn Jcmporent
were Jetermined. The rasults are shown in “apia !.

The rransmission system 20-percent reliapility
life was zetermined based on the compcnent !!ves
using Egs. (11) ang (12). Fitting £g. (12) ts
Eq. (11) for this data_yields a two-parameter
Weibull slope of bg = 1.57 for the transmissioa.
The system 90-percent reltability life is
2s10 = 1060 nr.  From Eq. «4) or Fig. !, the trans.
missfon characteristic life is © = 4430 ~r. Ffrom
€3. (7) or Fig. 3, the transmission average life
ts 23y = 3990 hr. From Eq- (9) or Fig. 4, the
standard deviation of—the transmission life isg
of « 2600 hr. Table 1 includes these results.

With this data, one can estimate the overhau!
frequency for a fleet of similar aircraft. The mean
life of a small sample of aircraft could be ldwer
than that for an infinite population of aircraft.
Confidence statistics estimate the sample preperties
from the universal properties.

Let us estimate the overhau!l frequency for
the fleet which use these transmissions with a
90-percent confiflence that the frequency s lower.
From Eq. (20), the standard deviation of the mean
life's distribution is:

. 2500

= 168 hr (25)
Y%

Zav

Ustng £g. (23), the estimate of the transmissicn's
mean life witn a 90-percent zonfidence is3:

Lay.9n = 3990 - 1.282(368) = 3529 hr  (26)

Number of Replacements

The renewal function serves to estimate the
number of compenents one needs to support the main-
tenance pattern. Zonsider bearing number one in the
single mesh transmission of Fig. 3 and Table 1. It
is desired to determine the number of replacements
required at any given time with 90-percent confi-
dence for a sample of SO aircraft.

From Table 1, the average life is
fay = 16 200 hr ard the standard deviation is
of = 13 560 hr. The renewal function frem Eq. (1)
is:

2 hed
a5 20m? - A3 sepd
2015 200)%

P
= TE250 - 2.1%0 «©2n

From Eg. (22), the total number of replacements frcm
O hr to a life of u s

! ), Q2
M. = 50(7e-ios - o.lso) o TR

From Eq. (19) or Fig. 7, the third moment of the
bearing Tife distribution s w3 = 1.697x1013 hrd.
From Eq. (18), the standard deviation of the renewal
function for bearing one is:

hl i bl
(13 8607 {118 20007 . '3 500"
SR P

Tne' 'g

bt - . Pt Eae ;3 -
- 13018 29007 . 5013 §60)°) . 2139740 )}

C 12
= {33733 + 0.1038) (29

From £3. (21, the standard deviation aof he numger
of repiacements is:
2 12 172

; N v il -
3. = 50{-——T§§ . 0.:038) * 367 :.19}

’n

30
With a 90-percent ¢onfidence that:tme regiacements

w111 oe less, twe replacement astimare “or gearing
one fram 220> to life L wusing £g. (24)—i3:

2 N ©a . .12
N."'QO = -ﬁ - 7.3".! - ‘.282(? - 5.2‘9,} 3N

(8]

N

As in ecample, ‘et us use this informaticn =o
determine the numoer ¢f repiacements ~2quired for
Bearing dne if the 50 aircraft are to operate up to
12 10 X0 hr. Note that if ~enewai <necry i3 ner
Jsed, tne oropaoility of fai'ure fram £3. °1) i3
F = 3.41 “or pearing cne at 2 = 19 300 nr. This
ACUi. ‘210 t9 50(J.41) = 21 bearing raguired. “his
method. ‘molies <hat bearings “or 21 aircraft have
faiied ana these aircraft are no ‘onger in servica.
The renewal <heory methcd. nowever, inplies thar the
failed cearings are replaced and tnhese airsraft ire
put back in service. For & = 1) 200 hr, 2q. (3D)
estimates the need for 30 bearings *c Sugport the
overhaul needs of the 50 aircraft, compared to 21
using oniy tne Weibull failure distrisuticn.

Summary of Results

A metnod to astimate thé frequency ¢f transmis-
sion overhauls was presented. A second method was
presented to estimate the number of raplacement com-
pcnents needed to support the transmissicn overhaul
pattern. <Confidence statistics were appiied win
both methcds *o imorove the statistical estimate of
sample behavior.

The methcd to predict overhaul frequency 13
based on 3 two-parameter Weibyl! 3ystam iife
mcdel.  “he relationship between the s/stem iife
model and the component 1ife modeis was cresented.
In addition, formulas for the mean and standard
deviation of the *wc-parameter Weibul! gistripution
4ere Jiven,

Renewal theory was presented as i tco! to esti-
mate the numoer ¢f comoonent replacements in a
transmission. Aporoximation formulas were given
for the mean ang standard deviations >f the renewa!
functicn. These approximaticns are valid for tne
{wo-parameter Heibull distribution. Formulas for
sample replacement rates were gtven in terms of the
renewal function.
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Single :ided confidence <heory wsas presentea
for the odvernaul frequency and 'ne zompenent
replacement rate astimates. 4 transmissiom e«ample
#a$ aLs0 orasentad ro illustraze the use f the
methods. Transmission overnaul! “requency ang ccmpo-
nent repiacament calcuiations were incluged in the
gvample.

References

1. Koelsch. A.A., "Fault Detection/Location System
for Intermediate and-Tai! Rotor Gearboxes.”
American Yelicopter Society, Rotary Wing
Propulsion System Specialists Meeting, Paper
RWP-17, Williamsburg, VA, Nowv..1982.

2. DiPasquatt, F., "Application of Quantitative
Depris Monitoring to Gear-Systems," ALAA. Paper _
88-2982.-July 1988.

3. Barlow, R.E., and Proschan, F., Statistical
Theory of Reliability and_Life Testing, Holt,
Rinenart and Winston, Inc., New fork, 1975,

4, Kapur, K.Z., and Lamberson, L.R. _Reltability

in Engineering Design, John Wiley & Sons,
inc., New fork, 1977.

5. Goidberg, 4., Extending the Limits of
Reliability Theorv, Jonn Wiley % Sons, Inc.,
Nes forx, 1381.

6. ford, D., *Reducing the Total Cost of Qwnership
- A Challenge to Helicopter Propulsion System
Specialists,” Specialists Meeting on Rotary
Wing Propulsion Systems, American Hellicopter
Society, Paper RWP - 6, Alexandria, YA, 1986.

7. Lewicki, D.G., Black, J.D., Savage, M., and
Coy, J.J)., "Fatigue Life Analysis of a

TABLE 1. - SINGLE MESH TRANSMISSICN

PROPERTIES

210, Lav af,

hr hr hr
Bearing 1 2640 | 16 200 | 13 560
Bearing 2 4820 | 29 570 | 24 750
Pinion 2480 5 410 2 320
Bearing 3 7230 | 44 360 | 37 130
Bearing 4 3960 | 24 300 | 20 330
Gear 370 6 920 2 960
Transmission | 1060 3 930 2 600

n.

18,

CHARACTERISTIC LIFE /7 90 PERCENS RELIABILINY LUK,

Y™
o
]

Turboprop Reduction Gearbox," lournal »of
Mechanisms, Traasmissions. ing dutomaticn in
Design, Yoi. 128, No. 2, lune .J36, cn. l1S5-
262+ ..

Savage, M., Radil, k.C., Lewick!, D.53., and
Coy, J.J., "Computerized Life ang Re'tadility
Modeling for Turboprop Transmissions," NASA

TM-100918, 1988, Journal of Progyls'on and
Power, (at press)

McCall, J.C., "Renewal Theory - Pregicting
Product Failur2 ang Replacement," Machine
Design, Yol. 48, Mo. 7, Mar. 1976, pp. 149-154.

Cox, D.R., Renewal! Theorv, Chapman and Hall,
New fork, 1962.

White, J.S., "Welbull Renewal Analysis,"
Proceedings of "the Third Annuai Aerospace
Reliability and Maintainabiiity Conference,
Society of Automotive Lngineers, 1964,

pp. 639-657.

Coy, J.J., Zaretsky, E.\M., and Cowgill, G.R.,
“Life Amalysis of Restored and Refurbished
Bearings.” NASA TN D-8486, 1977.

Harris, T.A., Rolling Bearing Analvsis, 2nd
Ed.. John Wiley & Sons, Inc., New York, 1984.

Lipson,.C., and Sheth, N.J., Statistical
Design and Analvsis of Engineering E«periments,
McGraw-Hill Boox-Co., New ferk, 1973.

Abramewitz, M., and Stegun, I.A., Handbock of
Mathematical Functions with Formulas, Sraphs,
and Mathematical Taples, National Bureau of
Standards, Aoplied Mathematics Series #55,
Washington, 0.C., June 1964.

16 —

14—

12—

10 [—

| | | | J

0 2 L} 6 8 10
WEIBULL SLOPE. b

FIGURE 3. - CHARACTERISTIC LIFE TO 90-PERCENT RELIA-
BILETY LIFE RATIO FOR A WEIBULL DISTRIBUTION AS A
FUNCTION OF THE WETBULL SLOPE.

& aaptatin-L.otiip S OEp

-y e,

- iy




.05
~10

Im

.w

RELIABILITY, R

.95

U BLEL B

1

Lo bbbl bt Ll

1 2 S 10 2 S0 100 200— S00 1000

-
o

— —
P E

[
[

AVERAGE LIFE / 90-PERCENT RELIABILITY LIFE. £5,/k

LIFE IN MILLION OUTPUT ROTATIONS, 2
FIGURE..2, - TWO-PARAMETER WEIBULL PROBABILITY PLOT.

L | | | |

2 y 6 8 10
WEIBULL SLOPE, b

FIGURE 3. - AVERAGE LIFE TO 90-PERCENT RELIABILITY
LIFE RATIO FOR A WEIBULL DISTRIBUTION AS A FUNC-
TION OF THE WEIBULL SLOPE,

. e —— e - -

@m-———m——— -
- .

4

- gy TRy -

¢ wo W ot el S

T ugp



RENEWAL FUNCTION. M(L). PERCENT FAILED

g

o
S

g

\n
(=]

16 —
E- wi—
#.
2
] 12 p—
&
-
Y o 10 =
e - !
£
é o 8 —-
st-
— 6=
=
§ -
a 4 F—
N
| ] . SR —
0 2 4 6 8 10-
WEIBULL. SLOPE. b
FIGURE 4. - STANDARD DEVIATION TO 90-PERCENT RELIA-
BILITY LIFE RATIO FOR A WEIBULL DISTRIBUTION AS A
FUNCTION OF THE WEIBULL SLOPE,
250 —

| | |
5000 10 000 15 000
LIFE, L. R
FIGURE 5., - RENEWAL FUNCTION FOR A TWO-PARAMETER

WEIBULL DISTRIBUTION WITH @ = 5000 HOURS AND
b = 1'5!

1
| §

e A

hi. o

-

Y




g &
-

8

RENEWAL STANEDARD DEVIATION.

I | |

¢ 5000.. 10 000 15 000-..

LIFE, £, uR

FIGURE 6. - RENEWAL FUNCTION STANDARD DEVIATION FOR
A TWO-PARAMETER WEIBULL DISTRIBUTION WITH © = S000
HOURS AND b = 1.5,

10 000 E

M

&

-t

E Lon

<

-

&

£ e

o 100

£ ™

£a—

&

=

§ 10

2

g —
1 : | | | |
0 2 4 6 8 10

WEIBULL SLOPE, b

FIGURE' 7. - THIRD MO'™NT T0 '90-PERCENT REL IABILITY
LIFE RATIO FOR A WEIBULL DISTRIBUTION AS A FUNC-
TION OF THE WETBULL SLOPE.




TN, - T AR TR - -_-—=— - =

—~

- ..

- SINGLE MESH TRANSMISSION EXAMPLE, .. . ... ..

FIGURE 8,

- e ee ..

10



Naona mw and Report Documentation_Page

Space Adminisiration

1. Report No,N ASA TM-102022 2. Government Accession No. 3. Recipiant's Catalog No.
AVSCOM TR 89-C-007; AIAA-89-2919

4.Title-and Subtitlé

Transmission Overhaul and Replacement Predictions_Using Weibull
aid Renewal Theory

. Report Date

o™

6. Performing Organization Code

7. Author(s) 8. Performing Organization Report No.
M. Savage and D.G. Lewicki E-4756

10. Work Unit No.

9. Performing Ocganization.Name and- Address- ..

505-63-51
NASA. Lewis Research Center 1L.162209A47A.
El:;_"elam’ Ohio—44135:3191 11.Contract or Grant No.

Propulsion Directorate
U.S. Army Aviation Research and Technology Activity—AVSCOM.

Cleveland, Ohio 44135-3127 13. Type of Report and Period Covered
12. Sponsoring Agency Name and Address
National Aeronautics and Space Administration.......

Technical Memorandum_...

Washington,. D.C. 20546=0001

and

U.S. Army Aviation Systems Command ...
St. Louis, Mo. 63120=1798

14. Sporisoring Agency Code

15. Su;;blememary Notes

Prepared for the 25th Joint Propulsion Conference cosponsored by the AIAA, ASME, SAE, and ASEE,
Monterey, California, July 10-12, 1989, M. Savage, University of Akron, Akron, Ohio 44325; D.G. Lewicki,
Propulsion Directorate, U.S. Army Aviation Research and Technology Activity—AVSCOM.

168. Abstract

A method to estimate the frequency of transiission overhauls is presénted. This.method. is based on the two-
parameter- Weibull statistical distribution for component life. A second method is presented to estimate the number
of replacement components needed to.support the transmission overhaul patternr. The second method is based on
renewal-theory. Confidence statistics-are applied with both methods to-improve-the statistical estimate of sample
behavior. A transmission example is. also presented to illustrate the use of the methods. Transmission overhaul
frequency and component replacement ealculations are included in. the example.

17. Key Words (Suggested by Author(s)) 18. Distribution Statement
Weibull failure distribution; Renewal theory; Unclassified — Unlimited
Trarismissions; Gears; Bearings; Overhauls Subject Category 37
19. Security Classif. (of this report) 20. Security cm;u. (of thiis page) 21, No of pages 22. Price*
Unclassified Unclassified 12 A03

NASA FORM 162¢ OCT &8 *For sale by the National Technical Information Service, Springfield, Virginia 22161

i o L e

- WA -

i
\
i
|

- e e P seEpN A Suae- Ay




